Abstract. The motor drive system represents a key technology for development of the electrical vehicles, and the permanent magnet synchronous motor becomes the mainstream of the new energy vehicle drive motor for the superior performances in power density, low-speed torque density, efficiency and reliability. The paper studies the field weakening control strategy for the interior permanent magnet synchronous motor (IPMSM) and provides a field weakening control strategy for the IPMSM at the full-speed range. By studying the mathematical IPMSM model and the methods of conventional vector control and analyzing the operating conditions of the IPMSM at the full-speed range, the paper divides the operating conditions into constant torque operation region I, constant torque operation region II, constant power field weakening operation region and high-speed field weakening operation region to confirm the control strategy algorithm in each region and the transition conditions between regions and provide the current control strategy that the d-axis current and q-axis current are confirmed by the reference torque and the feedback speed. Modeling of the field weakening control strategies in each region is made through the Matlab/Simulink, and simulation of the operating conditions with a steady-state load and a dynamic load is done to verify that the field weakening control strategy in each region is feasible. A co-simulation is made by combining the Matlab/Simulink-based control model, the RecurDyn-based virtual prototype and the RT-LAB to verify the feasible field weakening control strategy.
Introduction
The PMSM features a small size, the low inertia and the fast response to have the superior performances in power density, low-speed torque density, efficiency and reliability. The motor of the kind is very adaptive to the electric vehicle's drive system to become the mainstream motor for the new energy vehicles at moment. The PMSM is subject to the common strategies for variable voltage and frequency control, field-orientated control and direct torque control.
To ensure the fast, accurate and precise system, the vector control theory has been extensively applied in the PMSM control system design for years. As the PMSM has the permanent magnetic (p-m) rotor with the approximately constant flux, it is controlled by means of the rotor flux orientation in general. However, the field weakening expansion represents a key problem to hinder extensive application of the high-speed PMSM. For a decade, the domestic and foreign scholars have been attaching most importance to the problem and made great efforts to have a lot of study achievements. Unfortunately, these studies have the deficiencies in either the motor body or the control to combine speed, power and torque well. For this reason, the paper studies the field weakening strategy for the IPMSM to provide a field weakening strategy for the PMSM at the full-speed range.
Mathematical PMSM model
During analysis of the mathematical PMSM model, the following hypotheses are proposed to simplify the analysis process: The stator's armature winding generates a sine wave to induce the electromotive force and the rotor's permanent magnet also distributes the field of the sine wave form in the air-gap space; The eddy current and hysteresis losses are negligible for the core; The stator core has the negligible saturation with the constant inductance parameters and the magnetic circuit is considered linear; The damper winding is negligible for the rotor.
Based on the rotatory two-phase coordinates, the PM's fundamental wave exciter field axis is taken as the d axis and is rotated anticlockwise to surpass the d axis by 90° to take the electrical angle as the q axis. Both the d axis and the q axis are rotated at the rate of the electrical angle to determine the spatial coordinates with the electrical angle θr which is formed between the d axis and the reference axis A. The space sector of the PMSM in the coordinates is shown in Figure. ⎪ ⎩ 
During the high-speed operation of the motor, the resistance's caused voltage loss is very little and negligible, so the equation (1) may be changed into:
For the IPMSM with the L d ≠L q , it is possible to control both the torque and the flux-linkage of the motor by controlling the quadrature-axis current and the direct-axis current respectively to improve the torque output capacity with the effective structural torque and change the flux-linkage for the field weakening control by controlling the direct-axis current.
Field weakening control algorithm
Restricted to the inverter output voltage and the motor current, the motor is limited to vary in current and terminal voltage in a specified scope and the stator current is limited by both the current limit circle and the voltage limit ellipse at the same time. i.e.: Where: i s means the stator current sector and u s means the stator voltage sector. Combination of the equation (7) with the equation (8) may be simplified to obtain the current and voltage limit equations at the dq coordinates when the IPMSM is operating in a high-speed and stable state:
It is learned from the equation (9) that the current limit equation shows the circle (Dot: (0,0); Radius: i s max ) and the voltage limit equation shows the ellipse cluster whose center is located at the position of (-ψ f /L d , 0) and the lengths of the semimajor axis and the semiminor axis are inversely proportional to the rotor's angular speed ω e . Both the current limit circle and the voltage limit ellipse cluster at the dq coordinates are shown in Figure. 2. In the event of -ψ f /L d <i smax , the center of the voltage limit ellipse cluster exists outside of the current limit circle (see Figure. 2(a)); In the event of -ψ f /L d >i smax , the center of the voltage limit ellipse cluster exists in the current limit circle (see Figure. 2(c)); Therefore, any intersection exists in the areas represented by the current limit circle and the voltage limit ellipse at any rotary speed. But no point of intersection will exist in the areas represented by the current limit circle and the voltage limit ellipse at an excessive rotary speed. In this case, the rotary speed is deemed possibly maximum for the motor in theory. 
Full-speed and Field Weakening Control Strategy
The maximum torque/current ratio curve of the IPMSM is shown by OA in the Figure. 2. Just take for example the torque T2 as given in Figure. 2(c), in the event of a given expected torque T2, the stator current sector remains unchanged as OB and the voltage sector increases at a higher rotatory speed of the motor, but when the voltage sector reaches the inverter's maximum output voltage us max, it will fail to remain unchanged as OB and the motor will enter the constant torque region II. In this case, the appropriate rotatory speed of the motor may be defined as the turning speed from the constant torque region I to the constant torque region II to calculate A in the voltage limit ellipse equation (10) . The Figure. 2 shows the greater the given expected torque, the lower the motor's turning speed from from the constant torque region I to the constant torque region II. The possible torque of the PMSM is indicated by the point A in the Figure. 2 to have the maximum stator current. Both the quadrature-axis current and the direct-axis current are shown in the equation (11) at the maximum torque.
Gradient descent-based field weakening operation in the constant torque region II
When the motor operates in the constant torque region II, the voltage sector will continue the inverter's maximum output voltage and the stator current sector will increase at a higher rotary speed. According to the Figure. 2(c), the constant torque curve and the maximum input power curve have the point of intersection in or outside of the current limit circle, depending upon the variation in the given expected torque. When the constant torque curve and the maximum input power curve have the point of intersection in the current limit circle, the motor will transit directly from the constant torque region II to the maximum input power operation region bypassing the ordinary constant torque field weakening operation region at a higher rotatory speed. In this case, the turning speed ω D may be determined through the voltage limit ellipse where the constant torque curve and the maximum input power curve have the point of intersection. When the constant torque curve and the maximum input power curve have the point of intersection outside of the current limit circle, the motor will transit to the ordinary constant torque field weakening operation region first at a higher rotatory speed. In this case, the turning speed ω B may be determined through the voltage limit ellipse where the constant torque curve and the current limit circle have the point of intersection (see the equation (12)). In the event of the minimum rotary speed of entry into the maximum input power operation region, the motor will transit to the maximum input power operation region.
Ordinary constant torque field weakening operation
The stator current sector increases at a higher rotary speed of the motor. When the stator current sector reaches the maximum current i s max , the ultimate voltage ellipse and the constant torque curve will have the point of intersection outside of the current limit circle and the motor will fail to continue the constant torque output. Under this circumstance, to ensure continuous increase of the motor's rotary speed, it is possible to control the current sector changes along the point of intersection between the current limit circle and the voltage limit ellipse. In the event of (13) and the equation (14) may be applied simultaneously to solve the system of binary linear equations and obtain the stator current sector components at the quadrature axis and the direct axis respectively. When the constant torque curve and the current limit circle have the point of intersection at the right side of the i d =-ψ f /L d curve, the equation (13) and the torque equation (6) may be applied simultaneously to solve the system of binary linear equations and obtain the stator current sector components at the quadrature axis and the direct axis respectively. As mentioned above, when the motor operates in the ordinary constant torque field weakening region, the stator current sector will change along the current limit circle at a higher rotatory speed of the motor, and in the event of the minimum rotary speed of entry into the maximum input power operation region, the motor will transit from the ordinary constant torque field weakening operation region to the maximum input power region and the turning speed may be determined 
High-speed and field weakening operation
The maximum input power control locus is shown in Figure. 2(c). The locus is intersected with the current limit circle at the point E which represents the minimum rotary speed C to provide the field weakening control at the maximum input power and may be determined through the voltage limit ellipse where the point E exists in the following equation (15). When the given expected torque is greater than the point A's appropriate maximum torque T01, the motor will bypass the constant torque field weakening region and enter the maximum input power operation region directly and the T 01 may be determined through the constant torque curve where the point E exists in the equation (16). When the motor operates in the maximum input power region, the stator current sector will move along the maximum input power field weakening control locus toward the center point M of the voltage limit ellipse cluster. The point M has the coordinates of (-ψ f /L d , 0) to show the ultimate operation. That is, the demagnetizing field of the direct-axis current is equivalent to the exciter field of the permanent magnet at the point to make the motor speed infinitely great in theory. The motor speed will increase along the curve until balance of the electromagnetic torque and the load torque. 4 Simulation results
Simulation comparison between the MTPA control and the id=0 control
It is assumed that the expected torque is T e =145Nm and the load torque T L =50Nm, the waveform variation of the motor which is controlled through the MTPA and the id=0 is shown in Figure. 4~Figure. 9 in output torque, rotary speed, direct-axis current, stator current, stator voltage and flux-linkage. According to the Figure. 4, in the event of the MTPA control, the motor maintains the output torque of 145Nm or so for about 0.45s before the automatic field weakening link; In the event of the id=0 control, the motor's output torque maintains for about 0.35s before the drop. Therefore, the MTPA may provide the expected output torque for a longer period of time when a similar torque is expected. According to the Figure. 5, in the event of the MTPA control, the motor will have the rotary speed of up to 4,500rpm at 0.45s, while in the event of the id=0 control, it will have the speed of no more than 3,500rpm at 0.35s. Therefore, the MTPA control may provide a higher turning speed when a similar torque is expected. According to the Figure. 6, in the event of the MTPA control, the direct-axis current Id will remain at the -100A or so with the existing reluctance torque. But in the event of the i d =0 control, the direct-axis current I d will be zero without the reluctance torque. According to the Figure. 7, in the event of the similar expected output torque T e of 145Nm, the stator current of 300A is required for the MTPA control and the stator current of 350A for the i d =0 control to show decrease of the current by 14.3%. Therefore, the MTPA control may improve the current utilization. The stator voltage change curve (see Figure. identify if the stator enters the field weakening control phase. According to the Figure. 9 , the stator has the flux-linkages of 0.1Wb and 0.12Wb for the MTPA control and the id=0control respectively. Therefore, the MTPA is actually also the field weakening control, but the flux-linkage remains unchanged in the MTPA control phase (i.e. constant flux-linkage field weakening control).
Simulated field weakening control of the PMSM operating at the full-speed range
By applying the load force model in the field weakening control model for the PMSM, the expected torque of 100Nm is taken for the simulations as shown in Figure. 10~Figure. 15. Considering the selected expected torque of greater than TJ, the PMSM operates in one region after another (namely, the maximum torque/current ratio operation region, the constant torque region II, the ordinary constant power field weakening region and the maximum output power control region). The quadrature/direct-axis current, the stator current, the flux-linkage and the output torque remain unchanged in the constant value with the slow power increase at the beginning of the PMSM operation at the maximum torque/current ratio; At t=0.5s, the direct-axis current begins to increase inversely and the PMSM transits from the maximum torque/current ratio operation region to the constant torque region II where the output torque remains constant with the continuous reverse increase of the direct-axis current and the stator current begins to increase from the constant value for the maximum torque/current ratio operation region with the continuous power increase; At t=0.7s, the stator current becomes the highest; the PMSM transits from the constant torque region II to the ordinary constant torque field weakening region with the continued reverse increase of the direct-axis current; and the motor's output torque begins to drop with the absolute value of the direct-axis current remaining unchanged; At t=1s, the PMSM transits from the ordinary constant torque field weakening region to the maximum output power control region with decrease of the direct-axis current in the absolute value, drop of the stator current and power from the constant values and continuous reduction of the output torque until the PMSM tends to have the stable operation when the output torque is equivalent to the load torque at t=1.5s. According to the Figure. 12 and the Figure. 14, during the operation simulation, the motor has the continuous increase of the rotary speed to ensure the stability and balance, while the stator flux-linkage remains unchanged in the maximum torque/current ratio operation region and begins to decrease after entry into the constant torque region II until the motor has the stability and balance. 
Conclusion
The paper studies the field weakening control strategy for the interior permanent magnet synchronous motor (IPMSM) and provides a field weakening control strategy for the IPMSM at the full-speed range. By studying the mathematical IPMSM model and the methods of conventional vector control and analyzing the operating conditions of the IPMSM at the full-speed range, the paper divides the operating conditions into constant torque operation region I, constant torque operation region II, constant power field weakening operation region and high-speed field weakening operation region to confirm the control strategy algorithm in each region and the transition conditions between regions and provide the current control strategy that the d-axis current and the q-axis current are confirmed by the reference torque and the feedback speed.
